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Epidemics of konzo have occurred during severe droughts in parts of east, central, and
southern Africa since the 1920s. Occurrence is attributed to exposure to cyanide from
poorly processed cassava foods, the sole source of calories when other food crops fail.
El Niño, the warm phase of the El Niño-Southern Oscillation (ENSO), induces severe
droughts in the geographical areas of Africa where epidemics of konzo occur. Climate
regimes are determined by modes of Pacific Decadal Oscillation (PDO), which modulates
the ENSO. Study was done to determine the relationship of konzo epidemics to climate
regimes and phases of ENSO, and to propose a model to explain while konzo epidemics
do not occur in all drought affected areas. Data of all konzo epidemics in the past century
and in DR Congo from 1974 to 1996, and indices of ENSO and PDO from 1915 to
2014 were obtained. Konzo epidemics were mapped to phases of ENSO and PDO.
Wavelet spectral and wavelet spectral coherence analysis of climate indices and konzo
epidemics were done. All konzo epidemics of the past century occurred during warm
climate regimes. Of 19 warm phases of ENSO from 1974 to 1996 in DR Congo, 17 were
coupled to konzo epidemics, while of 4 cold phases of ENSO, 1 was coupled to konzo
epidemic, odds ratio 26 (95% CI, 2–378). Global spectral of ENSO and konzo showed
dominant periodicity of 5 years, while spectrograms showed significant periodicities and
coherence between 3 and 6 years. Spatial distribution of konzo is restricted to the area
of maximal impact of El Niño on precipitation in Africa. El Niño is the underlying cause of
konzo epidemics. Control of konzo epidemics requires management of the impact of El
Niño on agriculture in areas where the population depends on cassava as sole source
of calories during droughts. There is the need to develop forecast models of changes in
cassava production to predict likely periods of konzo epidemics.
Keywords: konzo, El Niño, epidemics, climate, drought, cassava, cyanide
Introduction
Konzo is a neurological syndrome of spastic paraparesis or quadriparesis, dysarthria, impaired
visual acuity, and nystagmus (Ministry of Health Mozambique, 1984; Howlett et al., 1990).
Its onset, which is usually abrupt in previously healthy subjects (Howlett et al., 1990),
reaches maximum disability within 3 days (Tylleskar et al., 1991). Disabling spastic paraparesis
is the residual deficit in most subjects (Ministry of Health Mozambique, 1984). Major
konzo epidemics occurred during severe droughts from the late 1920s to late 1940s (Trolli,
1939; Vileu, 1942; Lucasse, 1952), and from the late 1970s to early 2000s (World Health
Organisation, 1982; Ministry of Health Mozambique, 1984; Tylleskar et al., 1991; Ciglenec˘ki
et al., 2011; Mlingi et al., 2011). Interannual konzo cases occurred, however, between epidemics
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(Tylleskar et al., 1991; Cliff, 1994). Cassava (Manihot Esculenta
Crantz), a drought resistant and cyanogenic food crop, was
the main or only source of calories during konzo epidemics.
Exposure to cyanide, which is directly related to intake
of cassava food, was present in all subjects. Production of
cassava in konzo communities, which is high during low
precipitation (Oluwole, 2014), has been shown to correlate
with El Niño activity (Oluwole, 2015a). Although konzo
epidemics also occur during low precipitation (Oluwole, 2015b),
interannual changes in precipitation alone will not explain the
absence of major konzo epidemics between the 1950s and
mid-1970s.
Occurrence of severe droughts in east and southern Africa
has been linked to El Nino-Southern Oscillation (Nicholson
and Kim, 1997), which impacts on climate of all regions of
the earth through teleconnections (Ropelewski and Halpert,
1987). ENSO varies predominantly on interannual timescale,
but also on interdecadal and multidecadal timescales, while the
Pacific Decadal Oscillation, which modulates the ENSO, varies
predominantly on interdecadal and multidecadal timescales.
Paleoclimate data show that climate regimes shifted from cold to
warm in 1925, back to cold in 1945, and again to warm in 1976
(Mantua and Hare, 2002). The objectives of this study were to
determine the relationship of konzo epidemics to climate regimes
and phases of ENSO, and to propose a model to explain why
konzo epidemics occur only in restricted geographical areas, but
not in all areas where severe droughts occur.
Materials and Methods
ENSO and PDO Data
Multivariate El Niño-Southern Oscillation Index (MEI) data,
which were derived from sea-level pressure, zonal andmeridional
components of the surface wind, sea surface temperature, surface
air temperature, and total cloudiness fraction of the sky of the
South PacificOcean from 1950 to 2014 (Wolter and Timlin, 1998)
were downloaded from the website of National Oceanic and
Atmospheric Administration (NOAA), USA, http://www.esrl.
noaa.gov/psd/enso/mei/table.html, while MEI extension, from
1900 to 1949, was downloaded from http://www.esrl.noaa.
gov/psd/enso/mei.ext/table.ext.html. Pacific Decadal Oscillation
Index was downloaded from the JISAO’s Arctic Oscillation
website, http://jisao.washington.edu/pdo/PDO.latest. Ranks of El
Niños in the past century were downloaded from http://www.
esrl.noaa.gov/psd/enso/mei.ext/rank.ext.html
Konzo Epidemics Data
Years of occurrence of all konzo epidemics in the past century
in DR Congo (Trolli, 1939; Vileu, 1942; Lucasse, 1952; World
Health Organisation, 1982; Tylleskar et al., 1991; Bonmarin et al.,
2002; Chabwine et al., 2011), Mozambique (Ministry of Health
Mozambique, 1984; Cliff, 1994; Ernesto et al., 2002; Cliff et al.,
2011), Tanzania (Howlett et al., 1990, 1992; Mlingi et al., 2011),
and Central African Republic (Ciglenec˘ki et al., 2011) were
obtained from published studies. Cycle plots of ENSO and PDO
timeseries from 1915 to 2014 were drawn to show the warm
and cold phases. Konzo epidemics were mapped on the cycle
plots of ENSO and PDO to show the interdecadal variations of
occurrence of the epidemics. Since historical konzo epidemics
were not systematically collected as time series, statistical tests of
interdecadal relationship of the epidemics and modes of ENSO
and PDO were not performed.
Continuous annual occurrences of konzo were documented
in DR Congo (Tylleskär et al., 1991; Banea et al., 1997) for
23 years, in Tanzania (Howlett et al., 1992) for 11 years, and
in Mozambique (Cliff, 1994) for 13 years, but only that of DR
Congo is of sufficient duration for time series analysis. The phases
of ENSO that preceded all epidemics of konzo in DR Congo
(Tylleskär et al., 1991; Banea et al., 1997) between 1974 and
1996 were determined. Konzo epidemic must occur within 2
years of the warm phase of ENSO for them to be coupled. This
was to ensure that the epidemic occurred within the observed
duration of the effects of El Niño (Nicholson and Kim, 1997)
or of droughts (Howlett et al., 1990; Tylleskär et al., 1994) on
agriculture. Contingency table of phases of ENSO and konzo
epidemics was created, and odds ratio was calculated using the
Wald’s method with correction.
Time Series and Wavelet Analysis
Annual time series were fitted to ENSO and PDO data from 1915
to 2014, and to konzo data in DR Congo from 1974 to 1996. Lag
plots, autocorrelation, and partial autocorrelation functions were
used to exclude white noise, while unit root test was performed
to test for stationarity.
Wavelet analyses of indices of ENSO and PDO were done
to describe their frequency-time spectra of the past century.
Wavelet spectral and wavelet spectral coherence of ENSO, PDO,
and konzo epidemics from 1974 to 1996 were also done to
compare the frequency-time spectra of climate indices with that
of konzo epidemics. Wavelet methods were as described for
epidemiological (Torrence and Compo, 1998; Grinsted et al.,
2004), human (Issartel et al., 2014), and environmental data
(Cazelles et al., 2007, 2013) time series. The Morlet wavelet
(Torrence and Compo, 1998; Grinsted et al., 2004) was used to
transform the time series to time-frequency. The Morlet wavelet
was defined as
ψ0(η) = π
−1/4eiω0ηe−η
2/2
where ω0 is dimensionless frequency, and η is dimensionless
time. The continuous wavelet transform of time series (xn, n =
1,. . . ,N)
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√
δt
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with uniform time steps δt, was defined as the convolution
of xn with the scaled and normalized wavelet (Torrence and
Compo, 1998; Grinsted et al., 2004). The cross wavelet transform
(Torrence and Compo, 1998; Grinsted et al., 2004)
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where Zv(p) was the confidence level associated with probability
p, and Px
k
and P
y
k
were the power spectra. The wavelet coherency
phase was as defined (Torrence and Compo, 1998; Grinsted et al.,
2004)
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The global wavelet spectra, the equivalent of the Fourier power
spectrum smoothed by the Morlet wavelet function (Farge, 1992;
Grinsted et al., 2004) was
W
2
(s) =
1
N
N−1∑
n= 0
|Wn(s)|
2
Significance was set at 95% confidence level (5% significance).
Spatial Distribution and Model of Distribution
All countries where konzo epidemics have occurred were plotted
on the map of Africa. DR Congo, Mozambique, and Tanzania,
where occurrence of konzo epidemics is high were highlighted
black, while Central African Republic, Angola, and Cameroon,
where occurrence of konzo epidemics is low were highlighted
gray. The proposed model to explain the restricted spatial
occurrence of konzo within wider areas of severe droughts was
drawn.
Statistics
Wavelet analyses were done with the biwavelet package of
R Statistical Programming and Environment (R Core Team,
2014). Other statistical analysis, graphical plots, and maps
were produced using appropriate packages of R Statistical
Programming and Environment (R Core Team, 2014).
Results
Thewarm and cold climate regimes of ENSO and PDO from 1915
to 2014 are shown in Figure 1. Warm regime of ENSO occurred
from 1925 to 1941, followed by cold regime which ended in
1975, and warm regime since then, while for PDO, warm regimes
occurred from 1923 to 1944 and 1976 to 2006. Konzo epidemics
of late 1920s to late 1940s and of 1978–2005 all occurred during
the warm regimes of PDO and ENSO, while no epidemics were
documented during the cold regime from 1942 to 1975.
Of 19 warm phases of ENSO from 1974 to 1996, 17 preceded
konzo epidemics for no longer than 2 years, while of 4 cold phases
of ENSO, 1 was followed by konzo epidemic, odds ratio 26 (95%
CI, 2–378).
From 1915 to 2014 global spectral of ENSO showed dominant
periodicity of 5 years, but lower peaks at 12 and 30 years, while
dominant periodicity of PDO was 20 years, but lower peaks at
5 and 10 years (Figure 2). Spectrogram of ENSO and PDO both
showed time-varying periodicities of 3–8 years.
From 1974 to 1996, global spectral of konzo and of ENSO
and PDO showed dominant periodicity of 5 years, while their
spectrograms showed significant periodicities of 3–6 years for
ENSO and konzo, but 4–6 years for PDO (Figure 3). Coherence
squared of cross wavelet spectra of ENSO and konzo, as well
as PDO and konzo, were at 5 years (Figure 3). Cross wavelet
spectrogram showed coherence at periodicities of 3–6 years for
ENSO and konzo, and 4–6 years for PDO and konzo (Figure 3).
Coherence was >0.9. The periods of coherency of ENSO and
konzo epidemics were also the periods of high amplitude El
Niños.
Six countries that have reported konzo epidemic are shown in
(Figure 4). All the affected countries are in the area of maximal
effect of El Niño in Africa. The model of spatial distribution of
konzo, which described the cascade of events from food shortages
to occurrence of konzo, and absence of konzo in some areas is
shown in (Figure 5).
Discussion
Konzo epidemics of the past century, from the late 1920s to
late 1940s (Trolli, 1939; Vileu, 1942; Lucasse, 1952) and from
the late 1970s to present time (World Health Organisation,
1982; Ministry of Health Mozambique, 1984; Howlett et al.,
1992; Mlingi et al., 2011) occurred during warm climate
regimes (Figure 1). Anomalies of the north Pacific Ocean surface
temperature and pressure (PDO), whichmodulate global climate,
persist in the same mode for two to three decades before shifting
to another mode. In the past century PDO was in warm mode
(Mantua et al., 1997) from 1915 to 1945 and from 1977 to 1998,
while it was in the cold mode from 1945 to 1977. As shown in
Figure 1, konzo epidemics occurred only during the warmmodes
of the PDO. Warm mode of PDO, which has been associated
with more frequent and persistent El Niños since the climate
shift of 1976, will explain the high frequency of konzo epidemics
between 1976 and 2005. The upsurge of konzo epidemics (World
Health Organisation, 1982) in 1978, which started 2 years after
the climate shifted to warm regime in 1976, and in 1928, which
started 3 years after the climate shifted to warm regime in 1925,
illustrates the strong relationship of konzo epidemics to shifts in
climate regimes. Thus, occurrence of all konzo epidemics only
during warm climate regimes of the past century, indicate that
the epidemics are related to climate variability.
Konzo occurs annually during dry season between major
epidemics in DR Congo (Tylleskär et al., 1991; Banea et al.,
1997), Mozambique (Cliff, 1994), and Tanzania (Howlett et al.,
1992). Interannual variations of occurrence in DR Congo, which
has been shown to be cyclical (Oluwole, 2015b), correlated
with changes in precipitation. The relationship of interannual
variations of konzo in DR Congo in this study, which shows
that konzo is 26 times more likely during warm than cold
phases of ENSO, indicate that the impact of El Niño activities
on precipitation and food crop production induce interannual
variations of occurrence of konzo. Thus, annual low occurrence
of konzo is also related to the impact of El Niño.
The strength of El Niño activities has been shown to vary
greatly in the past century. Studies of the strengths of El Niños
(Quinn and Neal, 1987; Wolter and Timlin, 1998) have shown
that high amplitude El Niños occurred in 1932, 1940–1941, 1982–
1983, 1986–1987, and 1997–1998. All these strong El Niños were
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FIGURE 1 | Konzo Epidemics and Climate Regimes.
FIGURE 2 | ENSO and PDO.
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FIGURE 3 | Spectral Coherence.
followed by konzo epidemics (Trolli, 1939; Vileu, 1942; Ministry
of Health Mozambique, 1984; Howlett et al., 1990, 1992; Mlingi
et al., 2011), Figure 1. High amplitude El Niños are associated
with severe droughts and food shortages. This agrees well with
the documented observation of occurrence of konzo epidemics
following severe droughts in the past century (Trolli, 1939;World
Health Organisation, 1982; Mlingi et al., 2011). Thus, all the
major konzo epidemics of the past century occurred after strong
El Niños.
Wavelet analysis, which unlike Fourier analysis, permits
time-frequency analysis of timeseries (Wang and Wang,
1996), has contributed immensely to the understanding of
variations of ENSO and PDO activities. While ENSO varies
predominantly on interannual timescale, it also varies on
interdecadal and multidecadal timescales (Zhang et al., 1997).
PDO, however, varies predominantly on interdecadal and
multidecadal timescales (Mantua and Hare, 2002), but also on
interannual timescale. Thus, global wavelet spectral of 5 years
for ENSO (Figure 2) and of 20 years for PDO show differences
in the timescale of ENSO and PDO variability. The periodicity
and amplitude of ENSO have, however, been changing since
the late 19th century (Wang and Wang, 1996). Periodicity of
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FIGURE 4 | Spatial Distribution.
ENSO, which was 3–4 years from 1872 to 1910, was 5–7 years
from 1911 to 1960, but 5 years from 1970 to 1992 (Wang and
Wang, 1996). Thus, the unpredictability of times of droughts
and of konzo epidemics are due to the varying intensities
of ENSO.
Between 1974 and 1996 the global spectral of ENSO, PDO,
and konzo occurrence in DR Congo, which showed dominant
periodicity of 5 years, indicate that cyclical changes of ENSO,
PDO, and konzo have similar periodicity. The spectrograms,
which showed periodicities of 3–6 years for ENSO and konzo,
but 4–6 years for PDO, indicate that variations on interannual
timescale of the three variables are similar. Coherence of the
spectral of ENSO and konzo indicate that both are coupled
(Figure 3). Coupling of interannual variations of PDO with
konzo also indicate the strong impact of climate variability
on konzo occurrence. Since ENSO covary with changes in
precipitation (Wang et al., 2013), its strong coherence with konzo
epidemics in this study, >0.9, indicate that the teleconnection of
ENSOwith the climate of the konzo affected areas is strong. Thus,
coupling of ENSO and konzo epidemics on interannual timescale
will explain the time-varying epidemics of konzo.
Spatial Distribution of Konzo and Causal Chain
Although the frequency and intensity of epidemics of konzo are
higher in DR Congo, Tanzania, and Mozambique than in Central
African Republic, Cameroon, and Angola (Figure 4), occurrence
is spatially restricted in each country. While drought, which is
in the causal chain of konzo epidemics, affects relatively large
areas in East and Central Africa, factors that promote exposure
to cyanide from cassava foods are not evenly distributed in these
areas during drought. These factors include cyanogenicity of
cassava cultivars, severity of shortage of water which is needed
to process cassava roots, and relative scarcity of other foods.
Cassava roots requires extensive processing to reduce the
concentration of cyanogens, which increases during droughts
due to water stress. The efficiency of removal of cyanogens
from cassava roots, however, depends largely on how much
cyanogenesis occurs during processing rather than the duration
of processing (Oluwole, 2002). Linamarin, the cyanogen
in cassava roots, decomposes during processing to acetone
cyanohydrin, which decomposes at pH > 4.0 or temperatures >
30◦C to acetone and hydrogen cyanide (McMahon et al., 1995).
Methods of processing which involve soaking cassava roots
in water accelerate disruption of cassava tissues and promote
enzymatic decomposition of linamarin (Oluwole et al., 2002),
while methods which sun-dry whole cassava roots retain most of
the cyanogens (Banea et al., 1992). Seasonal variations inmethods
of processing in konzo-affected communities, where cassava
roots are soaked in water during raining season, but are sun-dried
without soaking during dry seasons (Mlingi et al., 2011) show
that shortage of water during droughts contributes significantly
to the production of highly cyanogenic foods. Further, seasonal
changes in the concentrations of thiocyanate, the biomarker of
exposure to cyanide, which were high during the dry season but
low during raining season in the same locality (Banea-Mayambu
et al., 1997), show that climate variability contributes to exposure
to cyanide from cassava foods. Communities where cassava foods
are absent, as well as communities where cassava is processed
to low cyanogenic products are free of konzo epidemics. Thus,
dependence of population on cassava roots during drought is
critical for occurrence of konzo epidemics rather than the severity
of the drought.
Frontiers in Environmental Science | www.frontiersin.org 6 June 2015 | Volume 3 | Article 40
Oluwole Konzo, Droughts, and El Nino
FIGURE 5 | Models of Geospatial Distribution of Konzo.
Occurrence of El Niño, the drought and food shortages it
induces, are not the direct causes of konzo epidemics. While
exposure to cyanide is high in konzo affected population, it is,
however, not considered the neurotoxicant of konzo (Spencer,
1999) because the neuropathology of cyanide is limited to
the basal ganglia (Sarikaya et al., 2006), but not the neuronal
cells that are damaged in konzo. Experimental studies with
cassava cyanogens, linamarin (Rivadeneyra-Dominguez and
Rodriguez-Landa, 2014), and acetone cyanohydrin (Soler-Martin
et al., 2010), and with minor metabolites of cyanide, 2-imino-
thiazolidine-4-carboxylic acid (Bitner et al., 1995) and cyanate
(Tor-Agbidye et al., 1999), did not induce neuronal lesions
that are consistent with konzo. Currently, thiocyanate, the
major metabolite of cyanide, which facilitates excitatory amino
neurotransmission, is considered the most likely neurotoxicant
of konzo (Spencer, 1999; Oluwole, 2015b). Thus, El Niño induces
drought, which initiates the cascade of events that lead to konzo
epidemics (Figure 5).
Public Health Management of Konzo Epidemics
Over 182 million people, about 21% of total African population,
live in konzo affected countries. Thus, massive social and
economic consequences, and reduced educational achievements
of children caused by konzo epidemics make konzo a major
public health problem in Africa. Preventive strategies, which
are key to control konzo epidemics should, therefore, focus on
management of the impact of El Niños, which have become
more frequent and intense in the past 35 years, rather than on
anthropogenic factors.
Since dependence on cassava during drought is necessary
for konzo epidemics to occur, forecast models for periods
of high cassava production will be of public health value to
predict periods of relative scarcity of other food crops. Time
series forecast models like seasonal ARIMA and seasonal vector
autoregressive models (Gujarati, 2004) have not been found to
predict crop production well, because of the complex interplay of
variables affecting crop yield (Newlands et al., 2014). Methods,
which employ Markov-Chain Monte Carlo based simulation
and random forest-tree machine learning techniques have been
shown to robustly select the best predictors within spatial
subregions (Newlands et al., 2014). Space-time models may,
however, not be feasible because data of cassava production are
available for country rather than regional levels. Autoregressive
models to forecast konzo epidemics is also attractive, but lack
of surveillance data is a major limitation. Models, which predict
times of major El Niños, may in the interim be the easiest option,
but the lag before the effects of El Niños on crop production
should be taken into consideration.
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Conclusion
Limitations of this study include the relatively short duration
of konzo time series that was used for wavelet analysis, and the
spatial restriction of cases to a geographical area of DR Congo.
This area is, however, representative of the risk factors, since
konzo was first described from there, and it experiences severe
droughts and depends on cassava for calories during droughts.
Another limitation is the availability of annual, but not monthly
time series, which prevents analysis of seasonality. This limitation
will, however, not impact negatively on the analysis since ENSO
varies on interannual timescale.
In conclusion it is shown that konzo epidemics and
ENSO are coupled on interannual and multidecadal
timescales. Konzo epidemics are absent during cold
climate regime. Konzo is spatially distributed in areas
of maximal impact of El Niño activity in Africa where
food shortages occur during droughts, and cassava is the
food security crop. Thus, El Niño is the determinant of
konzo epidemics. Public health control of konzo should
include management of impact of El Niño on agriculture
in susceptible areas, and development of forecast models
for changes in cassava production to predict times of konzo
epidemics.
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